Cardiac function analysis is the main focus of echocardiography. Left ventricular ejection fraction (LVEF) has been the clinical standard, however, LVEF is not enough to investigate myocardial function. For the last decade, speckle tracking echocardiography (STE) has been the novel clinical tool for regional and global myocardial function analysis. However, 2-dimensional imaging methods have limitations in assessing 3-dimensional (3D) cardiac motion. In contrast, 3D echocardiography also has been widely used, in particular, to measure LV volume measurements and assess valvular diseases. Joining the technology bandwagon, 3D-STE was introduced in 2008. Experimental studies and clinical investigations revealed the reliability and feasibility of 3D-STE-derived data. In addition, 3D-STE provides a novel deformation parameter, area change ratio, which have the potential for more accurate assessment of overall and regional myocardial function. In this review, we introduced the features of the methodology, validation, and clinical application of 3D-STE based on our experiences for 7 years.
Introduction
For the last decade, speckle tracking echocardiography (STE) has been focused as a novel method in assessing cardiac chamber and regional myocardial functions. A numerical study reported the additional values of STE independent left ventricular ejection fraction (LVEF). 1) 2) Simultaneously, 3-dimensional (3D) echocardiography has been widely used in the clinical setting, and the trend of 3D imaging introduced commercially available 3D-STE systems. [3] [4] [5] [6] [7] 3D-STE has not been a routine tool for cardiac function analysis, despite of various advantages and potentials compared to 2-dimensional (2D) imaging.
I often have been asked about the merits of 3D-STE in the clinical setting. Exactly, the advantage of 3D-STE should be clarified compared to 2D-STE and traditional Doppler echocardiographic assessments. Through this review, I try to summarize the current status of 3D-STE mainly based on our studies and clinical experiences.
Fundamental Preparation for 3D-STE Analysis

3D-speckle tracking
Of wall motion tracking methods of 3D-STE including the block-matching method, the elastic image registration method, and model-based approach, 7) the block-matching method is solely used as the tracking method on the commercial available 3D-STE systems (Fig. 1). 3)8)9) The motion vector between consecutive volume frames is detected by cubic matching technique. 8) Comparing a template volume in the next volume searches the most similar point in the next volume. Finally, interpolation of the motion vectors is performed with a 3D interpolation algorithm. After these steps, arbitrary points of interest on the cardiac wall can be tracked by integrating the interpolated motions over all frames during one cardiac cycle.
Data acquisitions
For 3D wall motion analysis, full-volume dataset is required. Multiple sectors are scanned with multiple beats and each dataset is automatically integrated into a wide-angle pyramidal data image covering the entire left ventricle.
3) In the current available systems, the volume rate of each sector image has been increased at 30 Hz or more, which is enough to analysis LV function.
10)
Automatic tracing
In general, data analysis is performed on the off-line system. The regions of interest are determined on the multiplanar reconstruction images (Fig. 2) . Instead of manual tracing, automatic tracing of borders has been promising. The software automatically divides the left ventricle into 16 or 17 segments, and provides time-parameters curves for the assessment of magnitude of regional strain and timing of the maximum or 
Baseline
Next volume
Radial strain Circumferential strain Longitudinal strain minimum strain value.
11)
3D-STE Derived Deformation Parameters 3D-STE can simultaneously provide the three orthogonal strain values, radial strain (RS), longitudinal strain (LS), and circumferential strain (CS) (Fig. 2) .
3)12) Since beat to beat variabilities of LV contraction may affect the strain measurements, it is important to obtain the multiple deformation indices in the same beat. Secondly, deformation parameters with 3D features are available; 3D-strain (Fig. 3) and the area change ratio (ACR) or area strain in a regional or the entire tracking area (Fig. 4) . 13) In this review, the area tracking-based deformation parameter is called as ACR since the strain means changes of a unit length, not an area. The ACR of the endocardium is attracting interest as a new measurement parameter along with the components of CS and LS. In addition, more accurate LV torsion values can be calculated through the simultaneous measures of rotations in each short-axis plane and the distance between the planes. Therefore, the novel parameter regional torsion is measureable, which represents the spatial distribution of torsion values.
Validation Studies for 3D-STE
3D-STE is a novel method using complex computations, therefore, validation studies are needed to identify the reliability and feasibility, and have been performed using experimental animal models. 
Strain measurements
We performed the first validation study for the block matching method in the world, and found strong correlations between strain measurements by 3D-STE and sonomicrometry (LS: r = 0.89, RS: r = 0.84, CS: r = 0.90) (Fig. 5) . 8) However, CS and LS showed better accuracy for estimation of regional deformation than did RS. This discrepancy is due to each strain nature; LS and CS are calculated at the endocardial border, whereas RS is estimated by tracking of both the endocardial and epicardial borders. Since current 3D-STE systems increase the tracking errors in the epicardial regions, accuracy of RS may be lower than LS and CS. In addition, because the fundamental length for RS calculation is shorter than those of LS and CS, RS is more vulnerable to tracking errors.
Area change ratio
The second validation study was performed for ACR in a similar experimental study, 13) and ACR measurements by 3D-STE were found to strongly correlate with those by sonomicrometry (r = 0.87) (Fig. 6 ). Interestingly, ACR was more sensitive to the changes of regional deformation compared to LS and CS (Fig. 7) . The sensitiveness of ACR may be attributed L0 means a baseline length between endo-and epicardium. Radial strain is calculated as (Lr -L0) / L0. If the shear (α degree) is caused between radial and longitudinal direction, the shear (β degree) is caused between radial and circumferential direction, and without shear between circumferential and longitudinal direction, the length between estimated endo-and epicardial points at end-systole is L. The novel parameter 3D-strain is calculated as (L -L0) / L0, then, 3D-strain is greater than 3D-radial strain because L is longer than Lr.
End-systole L0 L Lr α β Fig. 4 . Area change ratio. The mid and right panels are the endocardial surface at end-diastole and systole, respectively. An area A0 is relocated and deformed to an area A1 by various wall motions including apical translation, regional rotation that causes shear strain, and longitudinal and circumferential contractions. The area change ratio is calculated as (A1 -A0) / A0.
End-diastole
End-systole by combined deformation data of LS and CS, since ACR can be calculated as a total sum of the product of LS and CS and the sum of them as follows; ACR = LS · CS + (LS + CS). As compared to 2D-STE, 3D-STE may cause tracking errors because of lower spatiotemporal resolutions. Therefore, combined data for 2 directional deformations can reduce the tracking error because of higher signal-noise ratio compared with that of LS and CS. Thus, ACR is more useful parameter to assess myocardial deformation.
Advantages and Pit Fall of 3D-STE LV volume and EF measurements
Since 3D-STE tracking is done on the LV endocardial boundaries, 3D-STE can directly measure LV volume through a cardiac cycle. 16)17) We reported that as compared to volume measurements by cardiac magnetic resonance imaging (MRI), 3D-STE derived measurements correlated well with those by cardiac MRI (end-diastolic volume: r = 0.80, end-diastolic volume: r = 0.86), which slightly underestimated (LV end-diastolic volume: bias = -18 ± 37 mL; LV end-systolic volume: bias = -10 ± 34 mL).
16)
LV global strain
Global LV function has been solely assessed by LVEF. However, numerical previous studies reported that 2D-STE derived LV global strain has been reported as a novel useful parameter of global LV function. The findings mean that global deformation parameters have a potential to assess intrinsic myocardial function compared to LVEF. 
A B
What are the differences between 3D-STE and 2D-STE derived strain values?
Previous studies reported that absolute CS values by 3D-STE are significantly higher than those by 2D-STE. [18] [19] [20] [21] [22] [23] The differences are affected by the out of plane phenomenon (Fig.  8) . In our study, the absolute differences between 3D-STE and 2D-STE derived CS correlated significantly with the magnitude of longitudinal displacement (Fig. 9) . 24) In normal subjects, the differences were more significant in the free wall, where longitudinal displacements are larger than those in the septum. In contrast, the discrepancy was not apparent in patients with LV dysfunction with reduced longitudinal displacements. Previous studies reported LS values do not differ between 3D-and 2D-STE. [19] [20] [21] [22] [23] However, Wu et al. 22) reported LV twisting affects the LS values: larger twisting is a major determinant of differences between 2D and 3D LS values.
Based on the findings, 3D-STE can overcome LV translation and rotation effects for the quantification of ventricular contraction, and may provide reliable deformation data compared to 2D-STE.
Usefulness of ACR
ACR is a unique parameter with 3D imaging nature. Previous studies reported the usefulness of ACR to detect subclinical LV dysfunction in the clinical studies; ACR was reduced Comparisons of area change ratio, circumferential strain, and longitudinal strain during baseline (Base), propranolol infusion (Prop), dobutamine infusion (Dob), and acute ischemia (Isc). Upper panels are corresponding to total data (Total), mid ones to mid anterior wall (Mid), and bottom ones to apical anterior wall (Apex). Area change ratio clearly distinguished changes in myocardial function induced by pharmacological stress and acute ischemia in both mid and apical anterior wall. *p < 0.001 vs. others. early stage heart failure or patients with early stage aortic valve diseases. [25] [26] [27] Miyoshi et al. 28) reported that reduced ACR was associated with the use of anthracycline even in patients with preserved LVEF. Thus, 3D-STE derived ACR may be a sensitive biomarker to detect early LV systolic dysfunction.
LV regional wall motion abnormality
An interesting study showed the disagreements (55%) between ACR and visual assessment in assessing hypokinesis, despite of high agreements in 91% of akinetic segments. 29) Therefore, the quantifications of regional wall motion may contribute to accurate judgments of wall motion abnormalities. In addition, 3D imaging can confirm the extend of regions with wall motion abnormalities showing impressive images (Fig. 10) . 8)30) However, large scale studies have not been performed, and the superiorities of 3D-STE has not been established as compared to eyeball judgments or 2D-STE.
Dyssynchrony
LV dyssynchrony have been studied in assessing cardiac resynchronization therapy responses during a last decade. Catheter based electrical 3D mapping system can clearly show the propagation of electrical activation. Recently, we have developed 3D-STE based activation imaging system, which is modeled after the electrical 3D mapping systems. 31) The activation imaging can visualize the intra-ventricular propagation pattern of regional contractions, which reliability was validated in comparison studies with electrical 3D mapping system (Fig. 11) . For example, in the patients with left bundle branch block, the initial contraction is observed in the mid to apical septum. Subsequently, the contraction propagates to the basal lateral wall turning at the apex. Previous studies with an electrical 3D mapping system revealed the propagation pattern is the typical dyssynchrony pattern of left bundle branch block. 32) Therefore, 3D-STE may provide a breakthrough in assessment studies for dyssynchrony.
Right ventricular function analysis
Right ventricular (RV) function has a key role in patients with left heart failure. [33] [34] [35] Because of the complex RV geometry, 3D imaging may be more useful to analysis global and regional function in right ventricle than left ventricle. Our colleagues reported a preliminary study of RV 3D-STE, which used a modified system for the left ventricle (Fig. 12) . 36) In particular, we found intraventricular differences in the systolic ACR values and dyssynchrony in normal control subjects. The 3D-STE system could reveal lower ACR in patients with RV dysfunction than normal control. In future, a RV specific 3D-STE system will be introduced.
Current Issues of 3D-STE Systems
Tracking depends on image quality B-mode image quality strongly affects accuracy of STE measurements, which is the common issue of STE. In general, 3D data sets are comprised of multiple sectors, and stitching noise may be caused around the border between sectors. In ad- Upper panels are 4 chamber and 2 chamber views at end-diastole and systole in a healthy subject. The color shows degree of longitudinal displacements during systole. White discs at end-diastole are moved to red discs level at end-systole, which distance is about 15 mm (red arrows). Lower panels show the 2-dimensional speckle tracking echocardiography (2D-STE) images at yellow dash arrow level. Since the white disc level is moved to apex at end-systole, the 2D-STE image at end-systole is changed to another plane of a basal level at end-diastole. Such changing of the plane of interest through a cardiac cycle is called as out of plane phenomenon. 
Longitudinal strain
Circumferential strain Radial strain dition, the multi beats system is not available in patients with atrial fibrillation. Recent advanced systems with a single beat might overcome the limitations. However, the spatiotemporal resolution might be deteriorated in such a system, therefore, reliable validation data should be reported to use the advanced system in the clinical setting.
Vendor dependency
A comparison study between vendors reported the vendordependent variability of deformation data. 37) Due to the high vendor dependence of 3D-STE data, inter-vendor discordance of data must be taken into account when interpreting 3D deformation data. However, further studies are needed to confirm whether vendor differences have clinical impacts in assessing cardiac function and to discriminate the risk level.
Conclusions
3D-STE has great promise as a clinical feasible tool for evaluating myocardial function, and could provide novel pathophysiological insights based on 3D cardiac mechanics.
The visibility of 3D-STE is steadily increasing in the study field, however, the clinical uses are not enough. Therefore, information about the current status of 3D-STE should be spread, and we thank for the opportunity of this review. 
